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THE DETECTION OF TIGHTLY CLOSED FLAWS 


BY NONDESTRUCTIVE TESTING (NDT) METHODS 

IN STEEL AND TITANIUM 

By Ward D* Riumnel, Richard A. Rathke> 

Paul H. Todd^ Jr., and Steve J. Mullen 
Martin Marietta Aerospace 

SUMMARY 

This program was conducted to investigate the reliability 
of state-of-the-^rt production nondestructive testing (nDT) 
techniques to detect tightly closed fatigue cracks in high 
strength steel (^3^ - l80 KSI) and titaniiim 6A1-4V - STA 
alloys. X-radiography, liquid penetrant, ultrasonic, eddy 
ccurent and magnetic particle (steel only) techniques were 
evaluated and an^ilyzed to deteormine detection sensitivities. 

176 fatigue cracks in 60 steel specimens and 135 
fatigue cracks in 60 titaniiun specimen were evaluated with 
specimens tie ”as machined" surface condition, after etching 
to remove flowed material due to maching and after proof loading. 
Specimen thicknesses were 0.152 cm (0.060 inch) and O.635 cm 
(0.250 inch) for both materials. After all specimens were 
fractured to e^/aluate and measure actual crack size. 

Comparison and statistical analysis of all NOT data was 
performed with respect to actual measured crack size. Analyses 
were performed to determine detection reliabilities at the 95?^ 
confidence level using a data grouping and "count down" method 
based on actual crack dimensions. Overlapping of data groups 
(indepenaent observations) was used to smooth data for graphical 
presentations. Plots of detection reliabilities as a function 
of crack factors variables were minimized by consistent and 
rigid application of inspection procedures and by use of ex- 
perienced and dependable personnel. Strict application of 
this data can ba made only for the materials and test conditions 
described. Improved reliabilities may be obtained by ap- 
plication of different procedures or by application of procedures 
to more rigorous controlled test specimens (i.e., polished, 
length and crack depth are reported as well as the actual data 
files used in analysis and plotting. Lower confidence limits for 
each data group were estimated by binomial distrition analysis 
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and plottf^d with the reliability data. Results show an increase 
in detection reliability for the liquid penetrant inspection 
method afxer etching the specimen surfaces. An increase in 
detection reliability for all methods was obtained after proof 
loading the specimens. The results reflect capabilities of 
state-of-the-art production methods when, properly applied 
and human factors, test condition and other procedural variables 
are minimized. 
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I. INTRODUCTION 


Nondestructive testing (NIT) is a major tool in modem 
engineering structures technology. Structural integrity, re- 
liability and maintainability are direct functions of the NDT 
program applied during manufacture. The safety, reliability and 
life cycle costs of a structure are dependent on the capabilities 
and reliabilities of the NDT applied to it during manufacture and 
field maintenance operations. Recent analyses have shown that 
a greater impact on structures life can be gained by improvement 
of ilDT capabilities than by improvement in all other tangible 
life cycle design elements (i.e., stress analysis, fracture 
toughness, fatigue life).^* 

A critical element in an NDT technology improvement pro- 
gram is an xinderstanding of ciirrent apabilities of NDT techniques. 
A review of NDT literature reveals a wide range of descriptions 
of methods applies and flaws ( or material anomalies) detected. 
Little statistically reliable flaw detection data for various 
nondestructive test (NDT) methods are available. 2,3* In seek- 
ing and establishing NDT reliability data, it is necessary to 
understand and separate tne elements of an NDT process as ap- 
plied in cvurent state-of-the-art production processes. These 
elements include: 

1. Flaw detection 

2. Flaw description - size, orientation, geometry, etc., 
and 

3. Flaw location. 

The primary thrust of NDT technology has been in flaw de- 
tection or more generally in establishing "how small a flaw can 
be detected?" In establishing the flaw detection reliability of 
a techiiique, the thrust must be shifted to determJjiing "how 
large a flaw can be missed?" Flaw detection reliability (i.e., 

"how large a flaw can be missed?") is a key factor in the ap- 
plication of linear elastic fracture mechanics and fracture con- 
trol principles in design acceptance. The program described 
herein was conducted to investigate the reliability of various 
NDT methods to detect tightly closed flaws in titanium and 
steel alloy sheet and plate. Controlled application of s-ate- 
of-the-art NDT methods were made to test specimens of varying 
surface conditions and proof stress load exposure to establish 
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ana plot respective flav detection reliabilities as a function of 
flaw size and test specimen condition. 


Program Orientation 

In the NASA Space Shuttle and other advanced spacecraft pro- 
grams, fracture control will be assured by a combination of (l) 
linear elastic fracture mechanics in design and analysis and (2) 
nondestructive testing in structural assessment and verification. 
The detectable flaw size, as determined by nondestructive testing, 
will be used as a basis for establishing design allowables. A 
program to detemine the detectable flaw size was required to 
provide preliminary design data. 

High strength titanium and steel alloys are used in critical 
hardware assemblies and must be assessed by nondestructive test- 
ing methods for soundness. These materials differ from other 
structural materials in flaw growth, flaw tolerance and in 
physical response to nondestructive interogation (test) methods. 
Criticality of application and unique NDT method Interaction 
make specific evaluation of NDT flaw detection reliability for 
these materials necessary. 

Related NET flaw detection reliability programs were used 
bo select the range of flaw sizes evaluated, the test methods 
evaluated, the general program approach, the format for the 
data generated and the data analysis methods applied. 

Experimental Test Program Approach 

Experience has shown that small, tightly closed cracks 
are one of the most difficult types of flaws to detect and 
are one of the flaw types most detrimental to load-carrying 
structures. Tightly closed flaws may be simulated by artifi- 
cally induced fatigue cracks. The size and shape of an ai-tifi- 
cally induced fatigue crack may be varied and controlled o/er 
a wide range of conditions and thus making it a good se3ection 
for experimentally evaluating NDT flaw detection reliability. 
Artifically induced fatigue cracks in flat titanium and steel 
sheet and plate test specimens were chosen for evaluating NDT 
reliability. 

lany variables in the nondestructive testing method to 
be applied are possible. To meet the objective of the program, 
(i.e., to establish preliminary'' design data) nondestructive 
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testing methods were selected which are representative of current 
state-of-the-art production practices. Details of the method 
and the procedure for application were docimiented and described 
in sufficient detail to (l) enable duplication of the restilts 
by independent investigators and (2) to enable objective com- 
parison of results obtained by variations in the methods. De- 
tails of the methods and procedures are included in the appendix 
of this report. These methods were app? ‘ed by KKP personnel 
using conventional equiijment which is routinely used in production 
inspection. Since the primary objective of the program was to 
determine the ability of nondestructive testing (WDT) methods 
to reliably detect small, tightly closed flaws in titanium and 
steel, efforts were made to minimize human factors. Experienced 
and dependable NDT personnel were employed for all evaluations. 
Production part test conditions were simulated as closely as 
possible by evaluation of the test specimends in the ^'as mach- 
ined** condition by X-radiographic , liquid penetrant, lilxrasonic, 
edd^ current and magnetic particle (steel only) techniques; 
evaluation of all specimens by the liquid penetrant technique 
after etching the test specimen surfaces; and evaluation by 
all techniques after the specimen had been proof loaded. Each 
evaluation ’^s performed by three independent TOT operators to 
provide an internal check of detectability and to randomize 
test resxilts. 

With the objectives, required data, test conditions and 
analysis methods defined an experimental test program v/as planned 
and completed. The test program was divided into the follow- 
ing elements: 

1. Test specimen preparation: 

2. TOT method optimization and prccec''ure development; 

3. NDT evaluations; 

4. Specimen fracture and flaw measurement:; 

5. Data correlation and analysis. 

The sequence of the program is shown In Figure 1. 
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n. TEST SPECIMEH mEPARmON 


FreparetloQ of test specimens used in reliability demonstra- 
tion programs is a critical program step, factors vhich must be 
considered in specimen prepeuratlon are summarized in Ttaible 1 . 

Table 1 . Factors in Test Specimen Preparation 

Specimen Material - type, alloy condition and thickness 

Specimen Size and configuration 

Flaw Types - size, shape, orientation and location 

Flaw Initiation Method and Conditions of Growth 

Flaw Starter Notch Removal - Method, depth 

Final Specimen - Configuration, thickness and sxirface 
condition 


Preparation of Specimen ELanks 

For this program, high strength steel and titanivun alloys 
were to be evalmted in 0.152 cm {o.o60 inch) and 0.635 cm 
f .250 inch) thicknesses. 6 Al-kV titani\im alloy and 43^*0 steel 
{(Tti = 180 KSl). Initial material thicknesses of O.317 cm 
(0.125 inch) and 0.792 cm (O.312 inch) were procured for speci- 
ment preparation. Material sheets were cut into 14-0.64 cm 
(16 inches) by 15.24 cm (6 inches) specimen blanks with the 
sheet grain direction oriented along the length of the speci- 
men. 6 A 1 - 4 V titanium was procured in the solution heat 
treated and aged condition as required 4340 specimen blanks 
were heat treated to I80 KSI ultimate tensile strength before 
introducin';; flaws. 


Fatigue Crack Growth Procedures 

Flaws of four different sizes and shapv's were selected for 
evaluation. Two specimens in each material and thickness were 
used to establish flaw initiation and growth parameters. Fatigue 
cracks that have aspect ratios of 0.5 and 0.1 may be produced by 
the use of shaped electro-discharge machined (eeM) starter 
notches, extension of the crack in bending fatigue, and removal 
of the starter notch. Figures C and 3 are cross-sectional 
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Note t t • thickness of 
aatftirlaili a;;" -S vv:;:™ 





Case 3, a/ 2c • 0.5» 0*060«in. thick speclfoeii 


a/2c * 0.25 a/t » 0*25 



Case 4, a/2c » 0.1, 0.060-in» thick 8pecia»n 


FisroTti 3. 

Side- ¥iev of C»ck ;;Startc?r and Pinal Gmck 
Cottf’lgiAistion, Cases 3 - -- 



ldiot'^ra]Edis of typical starter notches and fatigue flaw exten- 
sion to the 'reqtilred surface length* Ihe maximum fatigue stress 
muc't be no greater than one-half of the yield stress In order 
to ;>reserve flaw tightness. After Initial work to establish 
r)!*': jedures, flaws of a desired shape and size may be produced 
by controlling the EUi starter notch shape and depth and by 
v'sual m<mltorlng of the surface czack length. 

Flaw growth procedures were verified by fractmring trail 
epiicimens and measuring actual flaw dimensions. Starter flaw 
sizes and growth dimensions are shown in lEkble 2. 

T&l le 2. 

vai Notch and Fatigue Flaw Sizes for Bending Fatigue of 43^ 
ft el («[j = 180 KSI) and 6 A1-4V Titanium - STA 



Stock 

Thickness 

(?n.) 

Itoteh 

I>epth 

(in.) 

Botch 

Length 

(in.) 

^rox. 

Growth 

Ratio 

Aa/C 

Depth 

Growth 

Aa 

(in.) 

Length 

Crowt-h 

A(2C) 

(in.) 

Total 

Depth 

(in.) 

Total 

Length 

2C, 

(iH.) 

Itaehlned 

Thickness 

(in.) 

Final 

Depth 

(In.) 

Fi»l 

Length 

2C- 

ill.) 

mterlal 
Reaoved 
Flaw Side 


C.312 








0.250 




Jaa« 1* 

and 








and 





0.125 

0.010 

0.100 

3 

0.025 

O.CffiO 

,035 

0.17c 

0.060 

0.010 

0.100 

0.025 


C.31S 








0.250 




Ci.se 

and 








azui 





0.125 

0.015 

0,020 

1 

0.030 

0.070 

.045 

0.090 

0.060 

0.025 

0.050 

0.020 


0.312 








0.250 




Case 3* 

and 








a:^ 





C.125 

C.C2C 

0.225 

3 

G.C3C 

0,250 

0.05Cj 

0.325 

o.occ 1 

0,025 

0.250 1 

0.025 

! OtkSi 1 

0.312 

0.015 

0.020 

1 

0.080 

0.160 

0,095 

0.185 

0,250 

0,075 

0.150 

0.020 


The maximum fatigue stress during flaw extension was no 
greater than half the yield stress. The fatigue stress was 
< 80 KSI for 4340 stfeel (o^ = l60 KSI) and <T 70 KSI for 6 Al- 
¥v titfinium STA =. I.’i5 KSl). “ 

Preparation of Test Specimens 

Sev6i. calibration test specimens in each material were pre- 
pared ' jntaining each of the flaw (Case) types. Case 1, 2 and 
3 llF 3 were grown in the thin ( 0,125 inch) material and Case 
1, ,3 and 4 flaws were grown in the thick (0,312 inch) material. 
^ ese specimens were used to optimize NDT techniques and were 
^itiaLly used fo" set up and calibration of equipment before 
start i;ig the NLr evaluation cycle. 


' tproducibility of thb 
' r>rAL PAGE IS POOR 



Test Specimens 


specimen tlrnnks from each material and each thickness 
were locally polished €uid electrodlscharge-oiachlned starter 
notches Introduced at planned locations. Flaws were randomly 
distributed among the specimens so some specimens contain no 
flaws and some specimens contain up to six flaws. The flaws 
were randomly distributed on both sides of the specimens. All 
of the 0 . 075 -inch deep flaws were introduced in the 0 . 250 -tnch 
( 0 . 312 »inch blank) thick specimens and the other flaws were 
randomly distributed in both thicknesses. The desired nustber 
and distribution of flaws for ecMsh mcd;erial is simnnarlzed in 
Table S» 

Table 3« Flaw Distribution in Steel and Titanium Specimens 


Number of 
Flaws Each 
Material 

Flaw Depth 
(inch) 

Flaw Length 
(inch) 

a/2c 

30 

0.010 

0.100 

0.1 

30 

0.025 

0.050 

0.5 

30 

0.025 

0.250 

0.1 

30 

0.075 

0.150 

0.5 


Allowance was made for flaws ^diich failed to grow and for 
those inadvertently removed during machining. I 6 I flaws were 
initiated in titanium specimens and 128 flaws were initiated in 
steel specimens. 

Flaw Location 


To reduce inspection time in describing flaw location and 
to reduce the subsequent confusion in flaw analysis, the follow- 
ing grid location scheme will be used for flaw initiation. The 
panel surface will be divided into a one inch grid network. The 
panel identification (A side) will be located in the lower left 
hand comer. The short dimension (width) will be designated 
as the X-dimension and points along the panel length direction 
will be designed by the Y dimension. Grid location will be by 
location of the intersection of an X and Y grid and proceeding to 
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the ntext highest nximber in both the X and Y directions. On the 
reverse (b) side the X direction remains the same and the Y 
direction is from the tcq> of the panel toward the bottom of 
the panel as shown in Figure 

Specimen Machining 

Following fatigue flaw growth the EIM starter notches were 
removed by machining both sides of each specimen using a flaw- 
cutter at a 15.26 cm (6 inch) radi'os to produce a randomly- 
oriented nominal 125 rms surface f 'Jiish. Nominally, .O508 to 
.0635 cm (0.020 to 0.025 inch) were reiKJved from the flawed 
side and the opposite side was machined to produce the final 
specimen thickness and configuration as shown in Figure 5. 
Specimens -were cleaned by vapor degreasing, alkaline cleaning, 
dried end submitted for inspection. 


This 10.0 Icttfdi of 
tho saaplc, oithor old*, 
will contain all tha flara 



Figure 5. NOT Specimen Configuration 
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m. MICT METHODS OPTIMIZATION AND PROCEDURES DE7EL0PMEHT 


Nondestructive Test Svaluation 

Ube success of any nondestructive testing program depends 
on (l) a sound understanding of materials, fabrication techniques, 
and service demands on the test articles, (2) accurate 6uad pre- 
cise definition of anomalies to be evaluated by nondestructive 
testing, (3) definition and understanding of all parameters that 
will directly and indirectly affect the results of a nondestruc- 
tive testing technique, (U) fabrication of test samples that 
are representative of actual fabricated part conditions, (5) 
use of test samples to establish nondestructive test sensitivity 
(destructive of functional test verification) and in calibra- 
tion of test equijmient used in production inspection, (6) es- 
tallishment of well-defined procedures and controls to assure 
integrity of production inspection, (7) training of production 
inspection personnel, and (8^ establishment of an audit /liaison 
system to maintain inspection integrity and relo^’ance to pro- 
duction requirements. 

4340 steel and 6 A1-4V titanium allc^ materials are well 
characterized emd are routinely evaluated by nondestructive test- 
ing (not) techniques. For purposes of this program, the flaw 
type as well as the flaw orientation were known and controlled. 
Calibration specimens had been fabricated for use in establish- 
ing optimized procedures. Considerable effort was devoted to 
procedxires optimization to develop procedures which would be 
suitable for production and would provide a uniform inspection. 
Calibration specimens were used to evaluate methods and develop 
procedures. Case 2 specimens contain the smallest crack (0.025 
X 0.050 inch) were used to set up each method and to evaluate 
the apparent signal io noise ratio of the method. 

X-Radiography Optimization 

Using the specimens as test f ibjects, optimum esqKJSure 
values were determined for (l) Kodak [^rpe M, Ready Pak FiJm, 
and Kodak Type R, Film and Kodak Industrex Paper. The films 
provided speed and grain size variations that are representative 
of commercially available industrial X-ray film now in use. 

Films were processed using a Kodak Industrial Automatic Processor, 
Model B, a^d the paper was processed using an Industrex Processor. 
Exposure parameters were initially optimized to expose a one foot 
long (center) section of the specimens, to produce a radiographic 
film density of 3 and to show the 2T penetrameter hole. This 
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procedure is typical of normal industrial, practices. Variations 
in voltage, current, e:q)Oiiure time, and collimation were applied 
to provide the best image of the smallest programmed crack/thick- 
ness combination detectable. Kodak !IJype M was selected due to 
its superior resolving power at minimum escposure time. An ex- 
posure procedure was developed based in the film density, pene- 
trameter resolution and cracks detected. Variations in the 
ability to resolve cracks were attributed to the crack-focal 
spot alignment. Intentional variation in alignment on a thin 
titanium panel resTiIted in loss of a small (0«152 cm estimated 
length) crack at greater than 3° angulation and loss of a larger 
(0.318 cm estimated length) crack beyond 12° angulation. Varia- 
tion in resolution was attributed to flaw size, shape, tightness 
and orientation. Bie techniques which showed the best penetrameter 
and crack resolution were selected for test specimen evaluation. 

The finalized techniques are shown in Appendix A of this report. 

Liquid Penetranc Optimization 

The size flaw that can be detected by a liquid penetrant 
material depends on (l) its ability to penetrant and fill the 
crack and on (2) its visibility after processing. The reliability 
of a liquid penetrant material depends on its tolerance to varia- 
tions in processing. Various test methods have been developed 
to compare the performance of penetrant materials. Since a 
liquid penetrant test is the result of a process, and is depend- 
ent, in part, on the host material, development method, etc., an 
overall evaluation is necessary to determine applicability. 

Our previous work with liquid penetrsuits resulted In se- 
lection of the Uresco P-l49 material for evaluation. P-149 was 
used in production applications on the Sat\irn/ApoUo programs 
and is currently being used on some NASA Space Shuttle Orbiter 
components. Since our original work with penetrants, two new 
high sensitivity penetrants have appeared on the open market 
and were evaluated and compared to P-149 . 

One material, Sherwin 1-319 is a high sensitivity, water 
washable material. Ease of use is a most desirable feature of 
this material. When compared with P-l49, the 1-319 material 
shows a lower dye concentration as determined by the meniscus 
method 6, 11 (Figure 6) and lower oveiall performance on calibra- 
tion panels. 
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Figure 6. Compariton of P-l49 and 1-319 Fluorescent Penetrants 

by the Meniscus Method (P-114’9 on the Left has Superior 
Thin Film Sensitivity) 



♦ 


Figure 7. Comparison of P-149 and p6F-4 Fluorescent Penetrants 

by the Menisciis Method (p6F-4 on the Right has Superior 
Thxn t'’ilm Sensitivity) 


i PKODUCIBILiTV UF THE 
iM UNAL PAGE IS POOR 


A second series of inaterii*ls developed by Rockwell Inter- 
national are high sensitivity, water washable materials and are 
reported to be bicdegradeable. Ease of use and biodegradeable 
characteristics make these pene .rants unique and desirable. 

When compared with P-li»'9> on the P6F-i(- material shows a higher 
dye concentration as detenalned by the meniscus method. (Figure 
7). Comparison to other penetrants is summarized in !Eable 4. 

Ibble 4. Results of Penetrant Evaluation by the Meniscus 
Method 


Penetrant 

Dimensional 

Sensitivity 

rimensional 

Threshold 

P-149 

1.3 mm 

3.0 mm 

1-319 

2.25 

4.75 

P6F-1 

1.9 

5.0 

P6F-2 

1.75 


p6f-3 

1.65 

3.25 

p6F-4 

1.4 

2.0 


When used on titanim calibration specimens, all cracks were 
resolved using the P6 f- 3 and k materials. The overall fluore- 
scent background on these specimens was very high compared to 
P-149. Although these materials were judged to be ec 3 ,ual to 
P-149 for this program. A test procedure was written for use 
of the P-14-9 material and was used for all test specimen 
evaluations. This procediu^e is shown in Appendix B. 

Cleaning of test specimens between evaluations is critical 
to penetrant evaluation. Panels were ultrasonically cleaned 
in a trichloroethane bath to remove all penetrant from the 
previous inspection. Such cleaning was necessary to assure in- 
dependent test results by different NDT operators. Tlie panel 
cleaning method is also described in Appendix B. 




Ultrasonic Test Optimization 


Several methods, test variables and data read-out options 
are available for ultrasonic inspection. An immersion, shear 
wave technique with C-scan recording was selected as being most 
representative of current industry capabilities. Optimization 
of the shear wave techniques were accomplished by experimental 
analysis of results obtained by scanning calibration panels. 

Signal amplitude, signal to noise I'atio, and incident angle 
were evaluated at 2,25, 5 and 10 MHz, 5 MHz was superior for 
evaluation of panels. Plots of sigpal amplitude as a function 
of incident angle were made for incident angles from 12° to 
36°, Possible paths of energy reflection were evaluated over 
this range. An example of a plot of signal response as a func- 
tion of incident angle is shown in Figure 8, 

A 15° incident angle was selected for best overall response 
and recorded signal output. Recording techniques, test set-up 
and test controls were optimized by evaluation and comparison 
of the recorded output obtained. A detailed inspection pro- 
cediire was written and is shown in Appendix C of this report. 

Eddy Current Test Optimization 

C-scan evaluation anci recording techniques were selected 
as most representative of state-of-the-art production prac- 
tices. Titanium and steel differ greatly in eddy current re- 
sponse and were evaluated separately. 

Titanium - 6 A"* -4V Tltaniimi has a low conductivity (ap- 
proximately 3^ I.A.C.S.) and therefore must be evaluated at 
high frequencies for best sensitivity. At 3 MHz, the effective 
depth of eddy current penetration in titanium is approximately 
0.076 cm (0.030 inch). 3 MHz was selected as the test fre- 
quency. A pencil probe configuration (1/8 inch core) was 
selected to provide the best sensitivity and descrlmiration. 

The NUT Instruments, Vector 111 we-^ selected for its long- 
term electronic stability. A spring-loaded eddy current 
scanning probe holder shown in Figure 9 was used to provide 
minimum lift off variations and minimum probe wear on flat 
plate. A variation of the probe holder shown in Figure 10 was used 
for warped specimens. Recording techniques, test set up and 
test controls were otpimized by evaluation and comparison of 
the recorded output obtained. A detailed inspection procedure 
was written and is shown in Appendix D, 
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steel - Eddy current insi>ection of ferromagnetic materials 
may be accotspllshed by single coil probe techniques if the 
magnetic permeability of the materi^ is constant. Specimens 
vere desAgnetized and on initial evaluation, good crack detec- 
tion sensitivity uas obtained using a 100 KHz pencil probe with 
the Vector 111 and 0-scan system used for the titanium panels. 

Ihis technique was r^plaoeu with a 500 KHz differential probe 
when variations in the specimens were encountered. Bie 500 
KHz probe was held in a spring loaded, flat block scarning 
fixture as shown in Figure 9« Recording techniques, test set 
up and test controls were optimized by evaluation auid conqArison 
of the recorded output obtained. A detailed Insi>ectlon pro- 
cedure was written and is shown in Appendix E. 

MELgnetic Particle Test Optimization 

Several options for magnetic jarticle test of steel 
plates are possible. Best sensitivity is obtained using 
fluorescent magnetic particle methods. Most uniform reproduci- 
bility is obtained using the contact faces in a stationary 
machine. Our production magnetic particle inspect icu machine 
charged with Uresco 228 powder (0.1»O ounches per gallon) in kero- 
sene was used as a primary basis for evaluation. Calibration 
panels were positions between the machine head such that the 
heads c<xit8u:ted the sides of the panel. The magnetic particle 
soluticxi was applied to the calibration specimens followed by 
a nominally recommended current pulse. The process was re- 
peated for different current densities and the resxilts compared 
by an iterative visual evalvation. An optimum technique was 
selected. Calibration specimens were re-eval\xated with the 
optimum techniques using Ures<::o 210 powder and Magnaflux 14A 
powder. Little variation i.ri results were obtained. Hie Uresco 
228 powder and optimized luagnetization techniques were documented 
in a test procedure as shown in Appendix F. 

NET evaluation personnel were familiarized with the optimized 
procedures developed, "niese procedures were used in all subse- 
quent evaluations of test specimens. 


.T 1'1'V lit' 
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IV. HDT EVAmATIOH OF TEST SPECIMEMS 


Flawed test specimens were mixed with blank specimens pre- 
pared in like manner. Specimen thickness and surface finish we'e 
measua*ed and recorded. Specimens were then submitted for the 
programmed NnP evaluations. 

Sequence 1 - Evaluation of Specimens in the 
As Machined Condition 

All specimens were evaluated by three independent NIZP 
operators who performed independent evaluations without know- 
ledge of actual flaw numbers or distribution and without know- 
ledge of results obtained by other operators. 

X-radiography - One set of film was prepared for all speci- 
mens with Side A (Side l) up i..sing the optimized exposure techni- 
que, Seme variations in exposxtre time was necessary due to 
variations in specimen thickness. Film was independently 
evaluated and results recorded by three operators. 

Liquid Penetrant - Penetrant evaluations on both sides of 
all specimens were performed independently by three operators 
and the results recorded by each operator. Diring this sequence 
a number of unintentional small cracks were revealed along with 
intentional cracks in test specimens. A large number of imin- 
tentional cracks were revealed in thick titanium sweimens. 

Figure 11 shows the pattern of intentional cracks (longest 
indications) 8Q.ong with a number of unintentional cracks revealed 
by penetrant. Kiese additional cracks greatly increased the 
volume of data recording and complicated specimen fractuie at 
the end of the program. 

Ultrasonic - Ultrasonic set-up, recording and data analysis 
were performed independently by throe operators on specimens with 
Side A (side 7) up. 

Eddy Current - Eddy current set-up, recording, and data 
analysis v^ere performed independently by three operators on 
both sides of all tibanium specimens. 

Extreme variations in readout was experienced for eddy 
current evaluation on steel specimens. Variations were analyzed 
and attributed to cold work variations induced by the specimen 
fatigue process and by variations induced during machining. 
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One set of C-scaa recordings iirere iicrepared for the steel speci- 
asens. fhese recordings were analyzed by three independent ofpera< 
tors. 


Magnetic Particle - Magnetic particle emluations <m both 
sides of all specimens were perfoniagd independently by three 
operators and the results recorded by each operator. 





Figure 11. Intentional and Unintentional Cracks Revealed 
by Penetrant (Actual Size) 
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Sequence 2 « Evaluation of Specimens In 
the Post - Etched Condition 

State-of-the-art industry practices require etching of 
machined surfaces prior to i>erfonnlng a hl^ sensitivity pene- 
trant inspection. Specimens were therefore subjected to am etch 
process to remove approximately 0.0013 cm (O.OOO5 inch) of 
material. 

Titanium specimens were etched at room tmperatitre in 
a nitric-hydrofluoric Mid (52 oz/gallon, "JOf) HNC^ and 6 02/ 
gallon, 70^ ^ ) mlsture. Steel specimeus were etched at room 
temperature in a aqua regia solution (3 parts by volume HCl 
(concentrated, 1 part HNO^ (concentrated) and 4 parts 1^0). 

Following the etch process treatment, specimens were thoroughly 
rinsed in demineralized water aind dried. Specimen surface 
finish and thickness were measured and recorded. 

Liquid Penetrant - Liquid penetrant "•'■aluations were per- 
formed on both sides of all specimens. Evaluations were per- 
formed independently by three operators and the results record- 
ed by each oi>erator, in accordance with the procedure shown 
in Appendix B. 

Sequence 3 ~ Evaluation of Specimens in the 
Post - Proof Loaded Condition 

Industry practices were fiirther simulated by proof 
loading all specimens. Steel specimens were loaded to of 
the material yield strength ( d"y = l44 KSI) . Thick titanium 
specimens were loaded to 805& of the material yield strength 
and thin titaniimi specimens were loaded to 90^ of material 
yield strength ( <5~ y = 145 KSI). Nine specimens were fractured 
auring the proof load cycle. The fractured end pieces were in- 
cluded in the HDT evaluations. Specimens were loaded in less 
than one minute, held at load for 15 seconds and unloaded rapidly. 

All specimens were again evaluated independently by three 
operators. 

X-radiography - One set of film was prepared for all speci- 
mens with Side A (Side l) up using the optimized exposure 
technique described in Appendix A and accounting for variations 
in specimen thickness by variation in exposure time. Film was 
independently evaluated and the results recorded by three operators. 
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Liquid Peneti'ant - Penetrant evaluations were performed on 
both sides of all specimens using the procedures described in 
Appendix B. Resxilts were evaluated and recorded by each operator. 

Ultrasonic - Ultrasonic set-up, recording and data analysis 
were performed independently by three operators on specin^ns 
with Side A (Side 1) up. 

Eddy Current - Eddy current set-up, recording and data 
analysis were performed independently by three operators on 
both sides of all titanium specimens. 

One set of C-scan eddy current recordings was prepared for 
steel si>ecimens. These recordings were analyzed by three in- 
dependent operators. Veuriations in recorded output (noise) on 
the steel panels was greatly reduced. This reduction was 
attributed to removal of local cold worked stirface material 
during etching and to relaxation of some non imiform residual 
stresses during the load cycle. 

tfagnetic Particle - Magnetic particle evaluations on both 
sides of all specimens were performed independently by three 
operators and the results recorded by each operator. 

Following verification of all MM? evaltiation data, the 
specimens were submitted for fracture and analysis. 
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V. SPECIMEW FRACTURE AMD CRACK MEASUiaHEKT 


Intentional cracks were located and marked by reference to 
planned flaw tables. Unintentional cracks were located and 
marked by visual examination with the aid of penetrant evalua- 
tion data. Saw cuts were made from the edges of thin specimens 
to areas adjacent to the ends of a crack. Cracks were broken 
open in bending to reveal the actual flaw. An oxyacetylene 
cutting torch was used to c\rt slots from the edges of thick 
specimens to areas adjacent to the ends of a crack. Cracks 
were then broken open in bending to reveaJL the actiial flaw. 

Some ciacks were lost idien the speclmeu did not break at the 
crack. In these cases the crack length was measured euid re- 
corded but crack depth could not be obtained. 

Actual crack length and dejjth on fractured cracks were 
measxired with the aid of a traveling microscope with an accuracy 
of + 0.001 inch* Measurements were recorded in the actual 
data file by panel number and location. Matching of data to 
planned flaws was performed by correlation of planned to actual 
flaw locations. Unintent iona? flaws were assigned flaw numbers 
in a progressive 200 nianbering series and were correlated to 
NOT penetrant data by matching HOT locations with actual loca- 
tions. Actual data on unintentional flaws was not obtained if 
the flaws could not be located readily by aided visual 
examination. 

Actueil crack data measurements were tabixlated and entered 
in the computer for analyses. 
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71 , DAIA. AMftLYSIS 


Actual Crack Data 

All actual data and. NDT data vere Input to a canqputer for 
coogpillng and. emalysls. An actual data file was assesibled by- 
ordered panel number and crack numbers. !Dils file was used as 
the basis of reference for all da*ta sorting and analyses. A 
tabulation of actvial crack da-ka and related czack descriptive 
Information Is shown In !Dables 3 for tl-tanlum emd 9 for steel 
specimens. 


Nondestructive Test Da-ta 

Nondestructive test da-ba -was assembled in da-ta files by 
panel ntimber and crack number. Numbers en-tered in the NDT da-ta 
file are estimates of the acuual crack length as observed by 
the NDT method and measured or estimated to the nearest 0.l6 
cm (l/l6 Inch). 

Tabulations of NDT observations for ti-tanium specimens 
are shown in Table 6 for Sequence 1 (As Meu:hlned Condition) 
data, in Table 7 for Sequence 2 (Post Etch Condition) da-ta 
(Liquid Penetrant Only), and In Table 8 for Sequence 3 (Post 
Proof Condition) da-ta. 

Tabiilations of NDT observations for steel specimens are 
shown in Table 10 for Sequence 1 (As Machined Condition) data, 
in Table 11 for Sequence 2 (Post Etch Condition) da-ta and in 
Table 12 for Sequence 3 (Post Proof Condition) da-ta. 

Da-ta Ordering 

Actual crack data (Tables 3 Guid 9) wer<_ used as the basis 
for all ordering, calculations and analysis. Cracks were 
initially ordered by decreasing actual crack length and depth 
along -with the corresponding NDT observations. These da-ta 
were then assigned file numbers and stored for use in subse- 
quent s-tatlstlceQ. analyses. 

StatistlceQ. Analysis 

Analysis of data -was oriented to demonstrating the sensi- 
tivity and reliability of s-tate-of-the-art NDT methods for -the de- 
tection of small, tightly closed flaws in steel and titanium. 
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3M>le 5. Actual Crack Data - Titanium 
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Table 5» (Continued) 
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Table 10« Tabulation of Kondeatructlve Teat Obaervstlona for Steely Sequence 1 
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Vable 10, (Continued) 
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T^ble 10. (Concluded^ 
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Sable 11. Tabulation of Nondestxuctlve Test Observations for Steel, Sequence 2 
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Ibble 12. XEtbiilatlaa of libndestxructive Test ObservAtions for 8t«el 
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Tiable 12, tContinued) 
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•able 12. (Concluded) 
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REPRODUCIBILITY OF THE 
. '?niKAL PAGE IS POOR 


Analyses were sepaxated to evaluate the influeiK:es of surface 
finish^ etching and proof loading. Flaw size parameters of 
primary in^nrtance in the use of NIXD data for fracture control 
are crack length (2C) cmd crack depth (a). Analyses vere directed 
to determine the flaw size that would he detected by NOT in- 
spection with a hl^ probability and confidence. 

To establish detection probabilities from the data avail- 
able, traditional reliability methods were allied. Reliability 
is conccmsd vith the probability that a failure will not occur 
when an inspection method is applied. One of the ways to measxire 
reliability is to measure the ratio of the nuaiber of successes 
to the nvmiber of tria]s (or number of chances for failure). This 
ratio times 100^6 gives us an estimate of the reliability of an 
inspection process and Is termed a point estimate. A point es- 
timate is independent of sample size emd may or may not constitute 
a statistically significant s^surement. Statistically signi- 
ficant analysis must take into account both th»' sample size and 
the success of the observations in the sao^le. 

If we assume a totally successful jnspection process (no 
failures) we may use standard reliability tables to select a 
sample size. A 95^ confidence level was selected for processing 
all combined data, and analyses were based on these conditions. 

For data analysis at a 951& confidence level, 60 successful in- 
spection trials with no failure are required to establish a 
valid san^llng and hence a statistically significant data point. 
For large crack sizes where detection reliability wo\ald be ex- 
pected to be high, this criteria would be expected to be reason- 
able. For smaller crack sizes where detection reliability 
would be expected to be low, the required sample size to meet 
the 95^ confidence level criteria would be very large. 

Calculation of Confidence Limits 


To establish a reasonable sample size and to maintain some 
continuity of data we held the sample size constant at 60 NDT 
observations (trials). We then applied confidence limits to 
the data generated to provide a basis for comparison and analysis 
of detection successes, and to provide an estimate of the true 
proportion of cracks of a particular size that can be detected. 
Confidence limits are statistical determinations based on 
sampling theory and are values (boundaries) within which we 
expect the true reliability value to be if an infinitely Mrge 
sample is taken. For a given sample size, the higher our 
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confidence level, the wider our confidence. Sljoq^ e]gE>3%SBed 
this nffians that the more we know about anyting, tdie better our 
chances are of being ri^t. It is a mathematical probability 
relating the true value of a parameter to an estimate of that 
parameter and is based on history repeating itself. 

The statistics that are used to determine confidence limits 
are dependent upon the distribution of whatever characteristic 
we aire measuring. Data based on succsss/failure criteria can 
be best described statistically by applying the binomial dis- 
tribution. The normal, Chi-squaxe and Poisson distributions 
are sometimes used as approximations to the binomial and are 
selected on the basis of available sample size. If the satire 
size is held constant, confidence limits may be applied to 
these (^ta to establish uncertainties in the true reliability 
values. A binomial distribution analysis was applied to the 
data to find the lower or one-sided confidence limit based on 
the proportion of successes in each sanqple group. 

Lower confidence limits were calculated by standard 
statistical methods^ and is compatible with the method des- 
cribed by Yee et al^3 in an independent NASA program. 13ie 
lower confidence level, ^ , is obtained by solving the 
equation: 

n-1 H-i 

K?) 

Where G is the confidence level desired, 

N is the number of tests performed, 
n is the nmber of successes in N tests. 

And P| is the lower confidence level. 

Lower coafidence limits were determined at a confidence 
level of 95/^ (G=.95) using 60 trials (N=6 o) for aU calculations. 
The lower confidence limits are ,ilotted as (-) points on all 
graphical presentations of data reported herein. 

Data Plotting 

In plotting data graphically, we have attempted to summarize 
the results of our studies in a few rigorous analyses. Plots 
were generated by referring to the tables of ordered values 
by actual flaw dimension, i.e., crack length. 
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Starbiztg at the longest crack length, ve counted down 60 
inspection observations and calculated a point e timate of 
detection reliability (successes divided by triaj.s). A siu^le 
data point vas jtlotted as a "o" at the largest ciack (length 
in this group). !Ehls idotting technique biases data in the 
conservative dlrectlcm. Olhe lover Ccaifldence linlt at a 
confidence level (G=.^) vas calculated for this data group 
and plotted as an (-) at the largest crack length in the groiq>. 

Ve then backed up 57 observations (l9 cracks), counted dovn 
oO observations, repeated calculaticm of the point estiioate 
of detection reliability and lover confidence limit for this 
data group, and plotted t^e resultant values (”o" and "-") at 
the largest crack length in this data group. Hhe process vas 
repeated for the remaining observations in each inspection opera- 
tion. use of the overlapping sanpllng technique, the total 
amount of data required could he reduced. !Ehe overlapping 
method is appLlcahle since all observations are independent and 
hence may be included in any data sampling group. An added 
sidvantage is the "smoothing" of the curve resulting from such 
a plotting technique. 

Plots of detection reliahillties at the confidence 
level for HIXE meldiods as applied to titanium specimens are 
shovn in Figures 12 throu^ 19* Plots of detection reliabilities 
at the confidence level for steel specimens are shovn in 
Figures 20 throu^ 29. Plots shovn are for planned crack data 
only. Ihiintentional flaw data vas discarded after an initial 
run due to problems inctirred in matching, verifying and corre- 
lating actual data to HDT observations. 
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FIGUftE 15. C'-ack Detection Probability of the Penetrant Inspection Method for Titanium Specimens 
Plotted by Actual Crack Depth at SSX Confidence 
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FIGURE I6« Crack Detection Probability of the Ultrasonic Inspection Method for Titanium Specimens 
Plotted by Actual Crack Length at 95% Conf idence 


















FIGURE 18* Crack Detection ProbabUity of the Eddy Current inspection Method for Titanium Specimens 
Plotted by Actual Crack Length at 95% Confidence 
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FIGURE 20. CracK Detection Probability of the X -radiographic Fnspectlon Method for Steel Specimens 
Plotted by Actual Crack Length at. 95% Confidence 
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FIGURE 23 . Crack Detection Probability of the Penetrant Inspect ion Method for Stttl Specimens Plotted 
oy Actual Crack Depth at 95% Confidence 






F I6URC 2<»* Crack Detect Ion Frobabllltv of the Ultras 
by Actual Crack Length at 9b>% Confidence 



CLial Crack Depth at 955^ Conf dence 




F IGURt 26. Crack Detection ProbabMity of the Eddy Current Inspection Method for Steel Specimens Plotted 
by Actual Crack Length at 95% Confidence 
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FIGURE 27* Crack Detection Probability the Eddy Current Inspection Method for Steel Specimens Plotted 
by Actual Crack Depth at 95% Confidence 




FIGURE 28, Crack Detection ProbablHty of the Magnetic Particle Inspection Method for Steel Specimens 
Plotted by Actual Crack Length at 9S% Confidence 



FIGURE 29, Crack Detection Probability of the Magnetic Particle Inspection Method for Steel Specimens 
Plotted by Actual Crack Depth at 95% Confidence 




VII. RESULTS. COIlCiLUSIOHS AHD RECOMMEHIATIOKS 

Plots of NDT data difference from those previously ob- 
tained 8 due to the overlapping plotting method used. Data 
plotted by this method provide a more accurate display of de- 
tection anomalies as a function of specific crack and specimen 
factors. 


Titanium Specimen Results 

15ie influence of specific cracks on detection probability 
are evident in analysis of X-radiographic data for titani\m 
panels. Detection by the X-radiographic technique is improved 
after etching and proof loading. The cyclic natxure of the data 
plots are attributed to the effects of flaw closure for specific 
cracks. The overall improvement in detection for this method 
is attributed primarily proof loading of the specimens with 
some visible evidence of plastic flow around the cracks. 

Detection of cracks by the penetrant method in titanium 
panels is also cyclic with crack length and is attributed to 
variations in crack closure. An Improvement in detection v&s 
reeJ-ized after etching to remove flowed material. A decrease 
in detection was obtained after proof loading. This is attri- 
buted to plastic flow around the cracks and a resviltant Increase 
flaw width. Penetrant material can be more easily washed out 
of open flaws. Flaw opening variations in turn Influence the 
penetrant process and human factors associated with the pro- 
cess application. 

The cyclic nature of the data is also reflected by xiltra- 
sonic detection as a function of crack length. An overall 
improvement in detection is evident after etching and proof 
loading. A decrease in detection at longer crack lengths is 
evident after proof loading. This decrease is attributed to 
a combination of human factors and an Increase in energy 
scattering at the crack after deformation due to proof 
loading. 

A decrease in detection by the eddy current method was 
realized after proof loading. This is attributed to the in- 
creased opening at the cracks and resultant overall decrease 
in eddy current signal amplitude as obtained by the small 
diameter pencil probe. 
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steel Specimen Results 


X-ray detection for steel specimens was also improved by 
proof loading# The improvement is attributed to increased 
crack opening. 

Penetrant detection was impi*oved greatly by etching steel 
specimens and decreased slightly after proof loading. The de- 
crease is attributed to penetrant variation with increased crack 
opening. 

Ultrasonic data shows an overall improvement in detection 
after proof loading with some decrease at the longer crack 
lengths. The decrease is attributed to increased scatter due 
to distortion of the crack by proof loading. 

Eddy current detection prior to etching and proof load- 
ing is poor. Eddy current inspection was extremely difficult 
due to large variations in the balance point within and between 
specimens. These variations were attributed to cold working of 
the surface layer of the specimens due to machining with re- 
sultant variations in conductivity and magnetic permeability . 
Variations were removed by etching; and proof which re- 

sulted in an increase in detection probability. 

Detection by the magnetic particle technique is also be- 
lieved to be affected by the cold worked surface layer on speci- 
men-os in the as-machined condition. An improvement in detection 
was obtained after etching and proof loading# 

Conclusions 

Results of this work differ from those reported previously 
for steel and titanium alloy materials Differences are due 

to differences in specimens used for evaluation. The influence 
of the specimen and crack are emphasized by data obtained during 
this study. The importance and influence of specimens on re- 
liability demonstration is evident and must be accounted for 
in extrapolation of this data and in application to varying hard- 
ware configurations. 

The overall results show that a nigh detection probability 
can be achieved if proper NDT techniques are selected and pro- 
perly applied. 
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Rec ommendat ions 


Data obtained in this program provides a better under- 
standing of the capabilities of various NDT techniques and 
emphasizes areas where more understanding is required before 
general predictions can be made for detection reliability, 
ilreas identified where further understanding is required include 

• The influence of specimen surface preparation or 
detection. 

s Tlie influence of crack closure on detection. 

• The influence of service life (loading and flaw 
shape) on detection. 

• The influence of crack geometry (length versus depth) 
on detection. 

• The influence of methods varation on detection. 

• The influence of signal response (signal to noise, 
calibration, etc.) on detection. 

A basis for understanding has been established and some 
direction has been indicated for achieving a goal of consistent 
and reliable flaw detection by nondestructive testing techni- 
ques. 
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DENVER 

Subject 

DETECTION OF TIGHTLY CLOSED FLAWS BY 
RADIOQIAPHIC INSPECTION IN STEEL ANT 
I TITANIUM 


1.0 SCOPE 

To establish the technique for performing X-radiography of fatigue cracked 
panels using a selected optimiun technique. 

2.0 REFERENCES 

2.1 Technical Proposal -Volume I Detection of tightly closed flaws by 
Nondestructive Testing (NDI) methods in steel and titanium. 

2.2 Military Standard 000453A Inspection, Radiographic. 

2.3 Quality Technical Instruction (QTl) 401, Section II Radiographic Inspection 

3.0 EQUIPMENT AND MAVeHIALS 

3.1 Norelco MG 150 Industrial X-ray unit. 

3.2 Kodak X-Omat Processor Model M3. 

3.3 MacBeth Quantalog Transmission Densitometer, Model TD-IOOA* 

3.4 Viewer, High Intensity, General Electric Model BY -Type I or equivalent, 

3.5 Penetrameters - In accordance with Military Standard 000453A Figure 1. 

3.6 Magnifiers, 5X and lOX Pocket Comparator or equivalent. 

3.7 Misc. radiographic accessories. 

3.8 Coding Sheet E-232D. 

4.0 PERSONNEL 

Personnel performing radiographic inspection shall qualify to SNT-TC-IA 
Levc 1 II or Level III. 

5.0 fr(x:edure 

5.1 An optimum technique using Kodak, Type M Industrial X-ray film shall be 

used to perform the radiography of fatigue cracked nsnels (Attachments #1 

and # 2) . 
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The rationa’^ for the tecl.**iques is based on the results as denonatrated 
by the radiogriphs and techniques employed for the radiography of four* 
teen calibrstlon panels* 

5.2 Refer to Attachment #1 (Titanium) and/or Attachaoent #2 (Steel) for the 
optimum setup and exposure ^ata necessary to produce the proper radio- 
graph. 

5.3 Place the film in direct contact with the machined surface (Side B) of 
the pare! being radiographed. 

5.4 Prepare and 'lace the required identif icat Ion and accessories on the 
film and/or Dane I. (Figure #1). 

NOTE: The panel will be placed on the exposure table in a muner such 

that the panel number will always be on the radiation source side 
and in the upper left hand corner. The (8) syn^l will always 
identify the center line of the panel. 

5.5 The appropriate penetracceter (Military Standard 000433A^ 0.06 for the 
thin panels, 0.25 fur th? tnlck panels) shall be radiographed with each 
panel for the d^ratio^ jf the exposure. 

5.6 The penetraiaeters sb olaced on the machined portion of the panel. 

(Figure #1) . 

5.7 The radiographic aensity of the mat ined area of panel shall not vary 
more than + 30 percent or -15 percent from the density at the penetrameter 
..ocation. 

5.8 Align the direction of the central beam of radiation perpendicular and I 

to the center of the panel being radiographed. 

Make sure that the X-ray tube head is level in both the X and Y 
Axis. 

Expose the film at the selected optlmiaa technique from Attachment #1 
(Titanium) Attachment #2 (Steel). 

5.10 Process the exposed film through the automatic processor (Attachment #1). 

5.11 The radiogr'^phs shall be free from blemishes which may mask fatigue cracks 
cr interfere with radiogra|hic interpretation. 

5.12 The density of the radiographs Stall be checked with a densitometer 
and shall be within a range of 2,5 to 4.0 (3.5 optimum), 

3.13 Using a viewer with the proper llluininaticn and with the aid of niagni* 
fication, interpret the radiographs to determine the number of fatigue 
cracks in each panel radiographed. Each crack shall be marked by 
encl.c lement with wax pencil of a contrasting color. 

d. 14 Tlie radiographic inlerDreter will record vno location of the fatigue 
cracks on Coding ‘t T-232D. 
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Type of Film - Eastman Kodak Type M 

Exposure Peraoeters: Optiaant Technique * Titaniua 

« 

(A) Kilovoltage 

.060-35 

.250-55 

(B) Milliamperes 

.060-8 

.250-8 

(C) Exposure Time 

.060-15 min, 

.250-26 min. 

(D) Target/Film Distance 

24“ inches 

(E) Geometry of Exposure 

Perpend j cular 

(F) Film Holders /Screens 

Ready Pack/Ho screens 

(G) Developmert Parameters 

Kodak }k>del M3 X^)mat Processor 
Development Temperature of 80 F. 

(H) Radiographic Density 

2.5 to 4.0 
(3.5 optimum) 

(I) Other pertinent pa ranoeters /remarks 

Radiographic Equipment 
Horelco MG150 
Beryllium Window 
.7 focal spot 
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ATTACHMENT #2 


X-22 

?age 5 of 7 


Type of Film - Eastman Kodak Type M 

Exposure Parameters: Optimum Technique - Steel 

(A) Kllovoltage 

.060-55 

.250-100 

(B) Milllamperes 

.060-8 

.250-4 

(C) Exposure Time 

.060-10 min. 

.250-15 min. 

(D) Target/Film Olstance 

24 inches 

(E) Geometry of Exposure 

Perpendicular 

(F) F ilm Holders/Screens 

Ready Pack/No screens 

(G) Development Parameters 

Kodak Model M3 X-Omat Processor 
Development Temperature of 80 F, 

(H) Radiographic Density 

2,5 to 4.0 
(3.5 optimum) 

(I) Other pertinent parameters /remarks 

Beryllium Window 
Radiographic Equipment 
Norelco MG150 
.7mm focal spot 
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LIQUID PENETRANT INSPECTION PROCEDURE FOR 
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FATIGUE CRACK DETECTION 
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1.0 SCOPE 

1.1 This procedure describes liquid penetrant Inspection of titanium and 
steel plate for detecting fatlgt^ cracks. 

2.0 REFERENCES 

2.1 Uresco Corporation Data Sheet No. ^-100 

2.2 No> ’-'structive Testing Training Handbooks Pl-4-2, Liquid Penetrant 
Te^ .ng, General Dynamics Corporation, 1967. 

2.3 Non ies true tive Testing Handbook, McHasters Ronald Press, 1959. Volume I, 
Set rionc 6,7 and 8. 

3.0 EQUIPMT rr AND MATERIALS 

3.1 Uresco P-149 High Sensitive Fluorescent Penetrart 
3. II Uresco K-410 E Spray Remover 

3.3 Uresco D499I Spray Developer 

3.4 Cheese Cloth 

3.5 Ultraviolet light source (Magnaflux Black-Ray B-lOO with General 
Electric H-lOO, FLA, Projector flood lamp and Magnaflux 3901 filter. 

3.6 Quarter inch paint brush 

3.7 Isopropyl Alcohol 

3.8 Rubber Gloves 

3.9 Ultrasonic Cleaner (Branson Ultrasonic Power Pack Model 610) 

3.10 Light Meter, Weston Model 703, Type 3A 

• ' r i rn Itiroe thane 

i 
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4.0 PERSONNEL 

4.1 The liquid penetrant inspection shall be performed by technically 
qualified personnel. 

5.9 PROCEDURE 

5.1 CleaPi panels to be penetrant inspected by Iranerslng in trlchloroethane in 
the ultrasonic cleaner and running for 1 hour; stack on tray and air dry 
for 15 minutes. 

5.2 Lay panels flat tn vork bench and apply P-149 penetrant using a brush to 
the areas to be inspected. Allow a dwell time of 30 minutes. 

5.3 Turn on the ultraviolet light and allow a warm up of 15 minutes. 

5.3.1 Measure the intensity of the ultraviolet light and assure 

a minimum reading of 125 fogt candles at 15** from the filter. 

(or 1020 micro watts per cm ) 

5.4 After the 30 minute penetrant dwell time, remove the excess penetrant 
remaining on the panel as follows: 

5.4.1 W?th dry cheese cloth, remove as much penetrant as possible from 
the surfaces of the panel. 

5.4.2 With cheese cloth, dampened with K-410E, wipe remainder of surface 
penetrant from the panel. 

5.4.3 Inspect the panel under ultraviolet light. If surface penetrant 
remains on the panel, repeat step 5.4.2. 

NOTE: The check for cleanliness shall be done in a dark room 

with no more than two foot candles of white ambient light. 

5.5 Spray developer D-499c on the panels by spraying from the pressurized 
container. Hold the container 6 to 12 inches from the area to be inspected. 
Apply the develrop^r in s light, thin coat sufficient to provide a continuous 
film on the surface to he inspected. 

NOTE: A heavy coat of developer may mask possible defects. 

5.6 After the 30 minute 61^^ vut time, inspect the panels for cracks under 

black light. This ins ion will again be done in a dark room. 


5.7 Using wire grid frame locate and record the grid coordinate of each crack 
on the NDT raw data coding sheet E232D-Mod. 
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ULTRASONIC INSPECTION FOR FATIGUE CRACK PROGRAM 
PANELS 


evise 



1.0 SCOPE 


1.1 This procedure covers ultrasonic inspection for detecting fatigue cracks 
in thin titanium and steel plate. 


2.0 REFERENCES 


2.1 Manufacturer's instruction manual for the UM-715 Ref lectoscope 
instrument. 

2.2 Nondestructive Testing Training Handbook, Pl-4-4, Volumes I, II and 
III, Ultrasonic Testing, General Dynamics 1967. 

2.3 Nondestructive Testing Handbook, McMasters, Ronald Press, 1959, 
Volume II, Sections 43-48. 


3.0 EQUIPMENT 


3.1 UM-715 Reflectoscope, Automatic Industries 

3.2 ION Pulser/Rece iver , Automation Industries 

3.3 E-550 Trans igate. Automation Industries 

3.4 5MHz, .375 inch dia., flat, 130506 Transducer, Harisonic, S/N-N123 

3.5 SR 150 Budd, Ultrasonic Bridge 

3.6 319DA Alden, Recorder 

3.7 Calibration Panel and Reference Panels 


4.0 PERSONNEL 


4.1 The ultrasonic inspection shall be performed only by technically 
qualified personnel. 


5.0 PROCEDURE 


5.1 Set up equipment per attached set-up sheet. 
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5.2 Submerge the appropriate case 1 reference panel in the tank of water 
and position the transducer to produce a maximum reflected signal from 
the appropriate flaw# 

NOTE: Before submerging the steel panels in water, add to the water 

a ru:>t inhibitor# (#015% Sodium Chromate and #015% Sodium 
Nitrite, by wt.) 

5# 2.1 The appropriate flaw shall be the smallest detectable flaw in 

the case panels (i#e# flaw #2 in the Thick Titanium Case 1 Panel 
- see Figure 2#)# 

5.3 Adjust the sensitivity control for a signal amplitude as shown in 
photographs 1 and 2 for the respective flaw orientations. 

5.4 Scan the reference panel at the sensitivity setting established In 
paragraph 5.3 for both near surface and far surface flaw conditions. 
Compare these recordings to the reference recordings 1 and 2 and make 
any necessary adjustments. 

5.5 Submerge and scan the production panels two at a time, inspecting 
only from side A to obtain similar recordings. 

5.6 When removing panels from water, thoroughly dry by wiping with cheese 
cloth. 

5.7 On the data sheet, note the locations of each crack giving and 

coordinates as noted by grid locators shows in Figure 1. 

Figure 1 Orientation and Dimensioning of the Panels. 
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ULTRASONIC SET-UP SHEET 

Method ! Shear Wave Pulse/Echo 0 14. 9*^ Incident angle In water for Titanium 

and 15.1^ for Steel. This angle was found to be optimum for detecting 
flaws lying on the near and far side of the panel with a single scan. 

Instrument: UM-715 Reflectoscope with ION Pulser /Receiver and E-550 Transigate. 

Pulse Length : Minimum 

Pulse Tuning : Tuned for Maximum response 

Reject: 12:00 O'clock 

S ensitivity : Titanium: 1 x 10 

“ Steel: 2 x 10 

Frequency : 5 MHz 

Gate Start : ^ 4 

Gate Length: 3 

Transducer: 5 MHz, .375" dia.. Flat, 130506, S/N N-123 Harisonic 

Water Path: 2.5 inches 

Writ* Level: + Auto Reset 

Part : Plat, 0.250" and 0.060" thick, titanium and Steel Fatigue Crack 

Panels. 

NOTE: When Inspecting thin steel panels Increase the angle 

slightly but not to exceed 15.75 and adjust gate 
accordingly. 

Specific information for final Sensitivity and Gate settings: 

The following sweep and marker settings are required to obtain the presentations 
shown in Photos 1 and 2 when the transducer is looking at flaw #2 of P.-nel # Case 
1 of the Thick Ti Panel gro^.?. 

Markers : 

very coarse : 2 

coarse : fccw 
finer fccw 

Sweep Delay: 

very coarse: 2 

coarse: 0 

fine: fccw 


Sweep: 


very coarse: *1 

coarse: 1 

fine: Min. 
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Recording #1: "C" scan presentation of flaws contained 

at far surface. 
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EDDT CURRENT INSFECTIDM AND C-SCAN RECORDING 
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l.O SCOPE 


1.1 This procedure covers eddy current C-scan inspection detecting fatigue 
flaws in titanius panels* 


2.0 REFERENCES 


2.1 Manufacturer's instruction manual for the NOT instruoients Model Vector 
111 Eddy Current InstruBaent. 

2.2 Nondestructive Testing Training Handbooks, P1-4-S, Volumes I and 11, 
Eddy Current Testing, General Dynamics, 1967. 

2.3 Nondestructive Testing Handbook, McMasters, Ronald Press, 1959, Volume 
II, Sections 35*41. 


3.0 EQUIPMENT 


3*1 NOT Instruments Vector 111 Eddy Current Instrument. 

3.1.1 3 MHz pencil probe for Vector 111. 

3.2 SR 150 Budd, Ultrasonic Bridge. 

3.3 319DA Alden, Recorder. 

3.4 Special Probe (3*axls motion) Scanning Fixture. 

3.5 Dual DC Power Supply; 0-25V, 0-lA (HP Model 6227B or equivalent). 

3.6 NDE Thin Titanium reference panel No. 17. 

3.7 NDE Thick Titanium reference panel case No. 1. 

3*8 Special Eddy Current Recorder Controller (SECR) circuit. 


4.0 PROCEDURE 


4.1 Connect 3 MHz probe to Vector 111 instrument. Use wire loop coble 
support to prevent probe cable from contacting large metal masses. 

4.2 Turn instrument power on and set SENSITIVITY COURSE control to position 1. 

4.3 Check batteries by operating power switch to BAT position. Batteries 
should be checked every two hours of use. Meter should read above 70. 
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4.4 Connect C-scan/Recorder Controller Circuit 


4.4.1 Set Power Supply for '*’16 volts and -16 volts. 

4.4.2 Set U/S-E/C switch to E/C. 

4.4.3 Set OP AMP switch to OPR. 

4.4.4 Set RUN/RESET switch to RESET. 

4.5 Set up NOT panel scanning support fixture as follows: 

4.5.1 Claap an end scan plate of the saae thickness as the NOT panel 
to the support fixture. One panel will be scanned at a tine. 

4.5.2 Align the end scan plate, using one panel so that the direction of 
the scan probe will be perpendicular to the long dimension of the 
panel. 

4.5.3 Use shims or clamps to provide smooth scan transition between panel 
and end plates. Use weights on thin panels as required. 

4.6 Set Vector 111 controls to the following preliminary values: 


I 

I 

! 


"X" 345.0 i 

"R” 416.0 I 

SENsrrivm, course 6, fine lo. ; 

MANUAL/Auro switch to MAN. 

4.7 Set the Recorder controls for scanning as follows: | 

i 

Index Step Increment - .020 inch | 

Carriage Speed • ,029 t 

Scan Limits - set to scan inches beyond the panel edge. ^ 

Bridge switch - OFF | 

Scan Switch - OFF ; 

1 

I 

4.8 Postion the 3 MHz pencil probe in the tracking shoe. Use a smooth panel j 

for these preliminary probe offset and lift-off compensation adjustments. j 

Extend the probe until it touches the panel. Using a .003 inch non- | 

conductive shim, determine the meter deflection due to the shim (temporarily 
reduce gain if response is greater than 80 scale units) remove shim. 

Carefully pull probe out of holder (i.e. away from panel) until meter 
indicates 30 to 507*. of shim deflection value. (Probe is properly spaced 

away from panel to prevent probe tip wear). Return gain to previous 
setting. 


4.9 Using the scale control on Vector Illy verify that the LED indicator on SECR 
circuit goes off for a meter indication of 39 to 40. Adjust the E/C 
reference pot on SECR if needed. 
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4«10 Place the appropriate reference panel in scanning fixture and position the 
pai^l to correspond with the indicated reference aark« Use hold*down blocks 
for thin pane Is « Place end-scan plates In position* Verify that the 
tracking shoe makes contact with the panel. 

4.11 Using the .003 inch shim at^ with probe at 3*8 location^ adjust only the 
X control for lift-off null. When the difference between "shim in" and 
"shim out" indications is within one scale division, lift*off is cos^n- 
sated. 

4.12 Postion the scan probe near the center (X dimension) of the panel. Man- 
ually move the bridge thiough the Y grid range of 6 to 10 and set the Scale 
control so that the average (background) indication is 36 to 36 (set at 38 
or slightly less if possible* If a flaw is encountered the meter indication 
should be greater than 40, but the background should be not greater than 

38. 

4.13 Position the bridge so that the scan probe is at Y grid marker nu^er 10. 

Place BRIDGE switch to ON and SCAN switch to OH. 

4.14 Initiate the Recorder/Scan function. 

I 

4.15 Annotate recording with panel number, side, **X" and settings, date, 
test method and operator. 

4.16 Set BRIDGE and SCAN switches to OFF. 

4.17 Verify recording just obtained corresponds to the appropriate reference 
panel recordings shown herein. 

4.18 Perform steps 4.10 through 4.16 to scan remaining panels. At the completion 

of inspectic .1 on the NDT panels, repeat steps 4.11 through 4.17 using the 
appropriate reference panel. j 

4.19 Evaluate recordings for flaws and enter panel, flaw location, side and I 

length data on applicable data coding sheet. Observe correct orientation \ 

of reference edge of each panel side when measuring location of flaws. j 

Also enter data for test method, sequences, operator and material. j 

» 

5.0 PERSONNEL 

5.1 Only qualified personnel shall perform inspection. 

6.0 SAFETY 

6.1 Operation should be in accordance with Standard Safety Procedure used in 
operating any electrical device. 
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EDDY CURRENT IKSFECTIDH AND C-SCAN RECORDING OF 
STEEL PANELS 


1.0 SCOPE 


Page 
Issued 
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Of 



1.1 This procedure covers eddy .urrent C-scan Inspection detecting fatigue 
flaws In steel panels. 

2.0 REFERENCES 

2.1 Manufacturer's instruction manual for the NDT Instrutnents Model Vector 
111 Eddy Current Instrument. 

2.2 Nondestructive Testing Training Handbooks, Pl*4>5, Volumes I and II, 
Eddy Current Testing, General Dynamics, 1967. 

2.3 Nondestructive Testing Handbook, McMasters, Ronald Press, 1959, Volume 
II, Sections 35-41. 

3.0 EQUIPMENT 

3.1 NDT Instruments Vector 111 Eddy Current Instrument. 

3.1.1 500 KHz differential probe for Vector 111. 

3.2 SR 150 Budd, Ultrasonic Bridge. 

REPRODUCIBILri’Y OF i 

3.3 '9DA Alden, Recorder. (ORIGINAL PAGE IS PO- 

3.4 Special Probe (Flat Block) Scanning Fixture. 

3.5 Dual DC Power Supply; 0-25V, 0-lA (HP Model 6227B or equivalent). 

3.6 NDE Steel reference panel Case No. 3. 

3.7 Special Eddy Current Recorder Controller (SECR) circuit. 

4.0 PROCEDURE 

4.1 Connect 500 KHz differential probe to Vector 111 instrument. 

4.2 Turn instrument power on and set SENSITIVITY COURSE control to position 

1 . 

4.3 Check batteries by operating power switch to BAT position. Batteries 
should be checked every two hours of use. Meter should read above 70. 


94 




DIVISION 


^ATE 


NUMBER 


PAGE 


DENVER 



4.4 Connect C-scan/Recorder Controller Circuit 

4.4«1 Set Power Supply for +16 volts and *16 volts* 

4*^*2 Set U/S-E/C switch to E/C. 

4.4.3 Set OP AMP switch to OPR. 

4.4.4 Set RUN/RESET switch to RESET. 

4.5 Set up NDT panel scanning support fixture as follows: 

4.5.1 Clamp an end scan plate of the same thickness as the NDT panel to 
the support fixture. One panel will be scanned at a time. 

4.5.2 Align the end scan plate » using one panel so that the direction of 
the scan probe will be perpendicular to the long dimension of the 
panel. 

4.5.3 Use shims or clamps to provide smooth scan transition between panel 
and end plates. Use weights on thin panels as required. 

4.6 Set Vector 111 controls to the following preliminary values: 

410 
**R” 450 

SENSITIVITY, COURSE 4, FINE 0. 

MANUAL/AUTO switch to MAN. 

4.7 Set the Recorder controls for scanning as follows: 

Index Step Increment - .020 inch 
Carria 5 e Speed - .029 

Scan Limits * set to scan 1^ Inches beyond the panel edge. 

Bridge Switch - OFF 
Scan Switch - OFF 

4.8 Position the probe In the tracking shoe of the scanning fixture so that 
the probe tip is recessed about .002 to .004 Inch from the scan surface. 
Rotate the probe so that only one core at a time senses a flaw as the 
scan bridge moves incrementally. 

4.9 Place the Reference panel in the scan fixture. Position the probe at 
the mid-point of the panel (l.e. 3-8 location). Adjust the X and R 
controls (and Scale control as required) for null condition. 

4.10 Using the Scale control verify that the LED indicator on the SECR circuit 
goes off for a meter indication of 39 to 40. Adjust the E/C reference pot 
(on SECR) if required. 

4.11 Manually move the probe through the Y grid range from 6 to 10 and set the 
Scale control for background indication of 30 to 36. (Background set point 
should be such that the recording does not have excessive background). 
Background set point should never exceed 38. 
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4.12 Position the bridge so that the probe Is at Y grid number 10. Place 
BRIDGE and SCAN jwitches to ON. 

4.13 Initiate the Recorder/Scan function. If background is excessive^ perform 
step 4.15 then step 4.11 for lower background set point. 

4.14 Annotate the recording with panel number, X and R settings, date, test 
method and operator. 

4.15 Set BRIDGE and SCAN switches to OFF. 

4.16 Verify recording just obtained corresponds to Reference panel recording 
shown herein. 

4.17 Perform steps 4.9 through 4.15 to scan remaining panels. At the completion 
of inspection on the NDT panels, repeat steps 4.9 through 4.16 using the 
Reference panel. 

4.18 Evaluate recordings for flaws and enter panel, flaw location side and 
length data on applicable data coding sheet. Observe correct orientation 
of reference edge of each panel side when measuring location of flaws. 

Also enter data for test method, sequence, operator and material. 

5.0 PERSONNEL 

5.1 Only qualified personnel shall perform inspection. 

6.0 SAFETY 

A 

6a 1 Operation should be in accordance with Standard Safety Procedure used 
in operating any electrical device* 



! 


NDE Steel Reference Panel Case No. 3 
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1.1 This procedure describes magnetic particle Inspection of steel plate 
specimens for detecting fatigue cracks. 


2.0 REFERENCES 


2.1 Nondestructive Testing Handbook PI -4- 3, Magnetic Particle Testing* 

General Dynamics Corporation, 1967. 

2.2 Nondestructive Testing Handbook, McMasters Ronald Press, 1959, Volume II 

Sections 30-32. 

2.3 Principles of Magnetic Particle Testing, Carl E. Betz, Magnaflux Corporatior, 

1966. 

2.4 MIL-I-6868, Inspection Process, Magnetic Particle. 

3.0 EQUIPMENT AND MATERIALS 

3.1 Stationary Ma; e-Tech Model 3509A, Uresco. 

, 3.2 Demagnatizing Machine, Model 3534D, Uresco. 

3.3 Field Strength Indicator, Uresco 

3.4 Test Meter Kit, Uresco, 

3.5 Gausstneter, RFL Industries 

3.6 Black light. Spot Type, Uresco 

3.7 Ultraviolet Light Meter, Model S-221, Ultra-Violet Products, Inc. 

3.8 Weston N. 703 Light Meter, 

3.9 Ultrasonic Cleaner, Power Pack Model 610, Branson 

3.10 Tr ichloroethane 

3.11 Kerosene VV-K-220, Water White Deodorized. 

3.12 Fluorescent Particle Powder #228, Uresco. 

3.13 Wire screen grio for locating flaws. 
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4.0 PERSONNEL 

4.1 The magnetic particle inspection shall be performed by technically 
qualified personnel. 

5.0 SOLUTION PREPARATION 

5.1 Mix 0.40 ounces of 228 (Uresco) Powder to 1 gallon of Kerosene, 
Federal Standard W-K-220. 

5.2 Run the pump for a minimum of 30 minutes, and stir bath to put powder 
clinging to the sides and bottom of tank into suspension. 

5.3 Fill a 100-ml ASTM graduated centrifuge tube to the 100 ml mark with 
suspension directly from the hose. Demagnetize the suspension if 
considered necessary and let it stand for 30 minutes to precipitate 
or until the solid matter is apparently all down. 

5.4 Read the volume of precipitate in the graduate. The volume shall be 
0.20 to 0.30 ml. 

5.^ If the particle volume does not meet 5.4 above add the appropriate 
f^.mount of liquid or powder to bring the particle concentration into 
agreement with 5.4. 

6.0 PROCEDURE 


6.1 Assure all equipment and solutions conform to the requirements for the 
use specified (i.e., calibration, qualification, certification, etc.). 

6.2 Clean panels to be inspected by placing them in the ultrasonic cleaning 
unit (3.9) and covering them with trichloroethane. 

6.3 Turn on the ultrasonic cleaning unit and allow panels to be cleaned 
for (1) one hour. 

6.4 Stack panels on end and uir for fifteen (15) minutes* 

b.5 Turn on ultraviolet light and cllow a warm up time of fifteen (15) 
mi niites , 

6.5.1 Measure the intensity of the ultraviolet Ijght and assure a 
minimum reading of 1020 micro watts per cm at 15** from the 


filter. 


6.6 Place the part between the contact plates and at 45 from the vertical 
with current flaw parallel to the 6** dimension and passing through 
the center 8 inches of the plate. (This is a circular magnetization 
method) . 


b,/ hot the head pressure at bO psi. 
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6.8 With the part properly positioned on the agaotizing macliiut, set the 
current dial to the following settings: 

PANEL DIAL SETTINGS CURRENT READING 

Thin 74 2,200 amps » 

Thick 76 3,000 amps. 

6.9 Apply a flow of suspension, from the prepared solution, by hose to the 
positioned part. Assure the part is thor Jghly saturated. 

6.10 Remove the flow and immediately apply the current by pushing the entergize 
buttom. Apply three (3) shots of current. 

NOTE: The period of current flow is pre-set f-^r approximately 1/2 second. 

6.11 Examine the part under black light for fatigue cracks. 

NOTE: This inspection will be done in a darkened area having no more 
than two foot candles of ambient light. 

b.l2 Using the wire grid (3*13) locate and record the grid coordinate for 
each crack. 

6.13 After readout is complete remove panel from the magnetizing m£chine. 

6.14 Place panel within the demagnetization coil (3.2) ar , unit on. 

6.15 With ihe current still applied, slowly pull the pa t :hrough aid away from 
the coil until the part is at least^ 24’^ from the coil« 

6.16 Check the part for evidence of magnetism using the Magnetic Field Indicator 
(3.3). If the indicator registers the presence of a magnetic field, 
repeat paragraphs 6,14 and 6.15 until there is no magnetic field indication. 

6.17 After panels have been demagnetized clean the panels per paragraphs 6.2 
through 6.4. 
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